Introduction {#Sec1}
============

Despite advances in chemotherapies against cancer, multidrug resistance (MDR) remains a major obstacle to positive therapeutic outcomes in adult^[@CR1]--[@CR3]^ as well as pediatric cancers^[@CR4]^. The most common mechanism of MDR is overexpression of drug efflux transporters of the ATP binding cassette (ABC) family. These pumps reduce the intracellular accumulation of many anticancer drugs to sub-therapeutic levels, thus decreasing or abolishing chemotherapy efficacy. P-glycoprotein (P-gp/ABCB1) is a glycosylated 170-kDa transmembrane protein that is encoded by the MDR1 gene^[@CR5]^ and is the best studied drug efflux pump of the family of ABC transporters^[@CR6]^. P-gp is composed of two hydrophobic domains which include 12 transmembrane α-helices that make up the drug binding domains (DBD) and are involved in transporting toxins and xenobiotics out of the cell. Two nucleotide binding domains in the cytoplasmic region are responsible for coupling ATP hydrolysis to the transport processes^[@CR7],[@CR8]^. P-gp is expressed in a variety of normal tissues, such as the intestine, brain, liver, placenta, kidney, and others^[@CR9]^ and is protective against xenobiotic substances and toxic compounds. It was noted close to 40 years ago that the expression of P-gp is correlated with MDR in many different types of cancers^[@CR10]^, as well as the lack of response to chemotherapies and poor prognoses in breast^[@CR11]^ and ovarian^[@CR12]^ cancers. Overexpression of P-gp in cancers results in reduced accumulation of chemotherapeutics and leads to resistance against many of the currently available anti-cancer drugs such as taxanes (paclitaxel), vinca alkaloids (vinblastine), and anthracyclines (daunorubicin)^[@CR13]^. The ability of P-gp to transport such diverse chemical classes is at least partly due to multiple transport pathways through the protein which have been recently visualized using molecular dynamics simulations^[@CR14]^. Studies show that overexpression of P-gp in cancers can be either intrinsic or acquired upon drug treatment, depending on the tissue of origin, for examples see^[@CR15]--[@CR19]^. Clinical trials using MDR-inhibitors have had only limited success^[@CR20]--[@CR22]^, but the potential of the approach can be appreciated from a trial that used cyclosporine to inhibit P-gp in patients with poor-risk acute myeloid leukemia. Inclusion of the inhibitor with therapy resulted in significant gains in relapse-free and overall survival^[@CR23]^. The difficulties in clinical trials as discussed in^[@CR24],[@CR25]^ were mainly due to inhibitor toxicities, drug-interactions, and clinical trial design problems. Many of the initial inhibitors were P-gp transport substrates^[@CR21],[@CR22]^, requiring relatively high systemic concentrations for efficacy; others lacked specificity for P-gp and led to drug interactions, for review see^[@CR26]^. None of these complications, however, diminish the impact or significance that employing effective P-gp inhibitors in cancer chemotherapies would have on patient outcomes.

In earlier work we applied computational searches and detailed three dimensional models of P-gp^[@CR27]^ to identify small molecules that have the potential to overcome the problems of earlier generation P-gp inhibitors by specifically interacting with the nucleotide binding domains of the pump, while not binding significantly to the drug binding domains^[@CR28]^. Three compounds were identified (compounds 29, 34 and 45) that caused reversal of paclitaxel resistance in a prostate cancer cell line that over-expresses P-gp^[@CR29],[@CR30]^. Biochemical and biophysical analyses^[@CR28]^ indicated that compounds 34 and 45 affected nucleotide binding and all three compounds inhibited transport substrate activated ATP hydrolysis by purified P-gp. These results suggested that the inhibitors interacted with the nucleotide binding domains and not the drug binding domains and had the potential of not being transport substrates for P-gp. In the present study we extended our investigation of the reversal of multidrug resistance by these compounds to cancers of different origins using both 2-dimensional cell culture and spheroid -- microtumor assays. We demonstrated that co-administration of these agents with chemotherapeutics resulted in significantly increased microtumor penetration of the fluorescent P-glycoprotein transport substrate, calcein AM, as well as increased accumulation of calcein AM or daunorubicin in two-dimensional cell culture studies. The studies show that the inhibitors directly blocked the pumping action of P-glycoprotein, but were not pump substrates themselves. Two of the three compounds are P-gp specific, while the third also inhibited to a lesser degree a second ABC transporter, the breast cancer resistance protein (BCRP, ABCG2). Cell mortality in both 2D and spheroid cultures was markedly increased when chemotherapeutics were used in combination with any of these P-glycoprotein inhibitors. Cell migration was also strongly inhibited. Protein expression analyses showed that the compounds did not downregulate P-gp expression under the conditions used for re-sensitizing the MDR cancer cells. These properties of the P-gp inhibitors studied here make them attractive leads for further development.

Results {#Sec2}
=======

Overexpression of P-glycoprotein leads to multidrug resistance in the ovarian cancer cell line, A2780ADR {#Sec3}
--------------------------------------------------------------------------------------------------------

Follit *et al*.^[@CR29]^ showed that the addition of compounds 29, 34, or 45 previously identified in^[@CR28]^ to a prostate cancer cell line that over-expresses P-gp^[@CR30]^ caused reversal of the MDR phenotype. In the present study, we expanded our work to a drug resistant ovarian cancer cell line to assess whether the observed effects were cancer cell type specific or whether they might be more generally applicable. Fig. [S1](#MOESM1){ref-type="media"} (supplemental information) shows the characterization of the paired ovarian cancer cell lines, A2780^[@CR31]^, and the highly drug resistant line derived from it, A2780ADR^[@CR32]^. Western blot analyses using a P-gp-specific primary antibody showed that while the A2780ADR cells expressed significant amounts of P-gp (Fig. [S1A](#MOESM1){ref-type="media"}, left lane), no P-gp was detectable in the parental A2780 cells (supplemental Fig. [S1A](#MOESM1){ref-type="media"}, right lane). Original Western blots are shown in Fig. [S2](#MOESM1){ref-type="media"} as required by the journal. Also consistent with earlier work^[@CR32]^, A2780ADR cells showed much higher resistance than the parental A2780 cell line to the vinca alkaloid, vinblastine, when tested using a resazurin cell viability assay^[@CR33],[@CR34]^ (Fig. [S1B](#MOESM1){ref-type="media"}). High levels of resistance to paclitaxel by A2780ADR cells were also observed when exposing the cells to increasing concentrations of the taxane, paclitaxel (Fig. [S1C](#MOESM1){ref-type="media"}). Inclusion of 60 µM novobiocin, a relatively specific inhibitor of BCRP^[@CR35]^, or 250 µM probenecid, an inhibitor of the multidrug resistance associated protein 1 (ABCC1, MRP-1)^[@CR36]^, together with vinblastine had no effect on the sensitivity of A2780ADR cells to the chemotherapeutic (Fig. [S1B](#MOESM1){ref-type="media"}). These results strongly suggest that the A2780ADR ovarian cancer cell line was phenotypically multidrug resistant and that this MDR phenotype was correlated to overexpression of P-glycoprotein and not BCRP or MRP-1.

Inhibitors of P-glycoprotein reverse MDR phenotype of the ovarian cancer cell-line, A2780ADR {#Sec4}
--------------------------------------------------------------------------------------------

Figure [1](#Fig1){ref-type="fig"} shows the relative viability of A2780ADR cells as reported by the resazurin assay when incubated with increasing concentrations of paclitaxel (Fig. [1A](#Fig1){ref-type="fig"}) or vinblastine (Fig. [1B](#Fig1){ref-type="fig"}) with or without addition of P-gp inhibitors 29, 34, 45, or verapamil. The structures of the compounds 29, 34 and 45 are shown in Fig. [1C](#Fig1){ref-type="fig"}. It can be seen from Fig. [1A,B](#Fig1){ref-type="fig"} that the sensitivity of the MDR cell line to chemotherapeutics was increased by several orders of magnitude in the presence of the P-gp inhibitors. Inclusion of the BCRP inhibitor, novobiocin, or the MRP-1-inhibitor, probenecid, had no discernable effect on these cells (Table [1](#Tab1){ref-type="table"}), suggesting that neither BCRP nor MRP-1 contributed to the MDR phenotype of the cells. Table [1](#Tab1){ref-type="table"} also compares the calculated IC50 values for the chemotherapeutics paclitaxel or vinblastine in the presence or absence of P-gp inhibitors for the two ovarian cancer cell lines. No sensitization of the non-MDR parental cell line A2780 was observed. These results suggest that the ovarian cell line A2780ADR is multidrug resistant because of overexpression of P-gp and that its MDR phenotype can be reversed by inhibitors of P-gp ATPase activity, compounds 29, 34 and 45^[@CR28],[@CR29]^, as well as the P-gp transport substrate and competitive transport inhibitor, verapamil.Figure 1Reversal of paclitaxel or vinblastine resistances by novel inhibitors of P-glycoprotein using metabolic viability assays. A2780ADR cells were treated in the presence of compounds 29, 34, 45 or verapamil with the indicated concentrations of chemotherapeutic. Panel A: circles, paclitaxel alone; squares, paclitaxel plus 25 µM compound 29; triangles, paclitaxel plus 25 µM compound 34; inverted triangles, paclitaxel plus 25 µM compound 45; stars, paclitaxel plus 25 µM P-gp substrate verapamil. Panel B: circles, vinblastine alone; squares, vinblastine plus 10 µM compound 29; triangles, vinblastine plus 10 µM compound 34; inverted triangles, vinblastine plus 10 µM compound 45; stars, vinblastine plus 10 µM P-gp substrate verapamil. Data represents the mean ± SD of 12 replicates from two independent experiments. Panel C: Chemical structures of novel P-gp inhibitors 29, 34 and 45. PTX, paclitaxel; VIN, vinblastine; VER, verapamil.Table 1*In silico* identified P-gp inhibitors reverse MDR phenotype of ovarian cancer cell line.paclitaxel IC~50~ (nmol/L)Fold sensitizationvinblastine IC~50~ (nmol/L)Fold sensitizationA2780ADRpaclitaxel/vinblastine only2146361 + compound 295 μM1211852710 μM4252162225 μM7308 + compound 345 μM573842910 μM20107123125 μM4528 + compound 455 μM1221849710 μM9024341125 μM10225 + verapamil5 μM5341191910 μM229965825 μM8265 + novobiocin60 μM4751 + probenecid250 μM5251A2780paclitaxel/vinblastine only515 + compound 2910 μM51141 + compound 3410 μM51141 + compound 4510 μM41161 + verapamil10 μM51131IC~50~ concentrations of chemotherapeutics which resulted in 50% decrease in A2780ADR viability were calculated from data as shown in Fig. [1](#Fig1){ref-type="fig"}, [S3](#MOESM1){ref-type="media"} and [S4](#MOESM1){ref-type="media"} using a nonlinear, four-parameter curve fitting procedure.

Novel P-gp inhibitors increased apoptosis in MDR prostate cancer cells when co-treated with paclitaxel {#Sec5}
------------------------------------------------------------------------------------------------------

The results of the resazurin viability assays with the A2780ADR cells (Fig. [1](#Fig1){ref-type="fig"} and [S1](#MOESM1){ref-type="media"}) showed unexpectedly high residual cell viabilities of between 25% with vinblastine and up to 60% when paclitaxel was used. While the overall results were consistent with increased cytotoxicity of chemotherapeutics in the presence of P-gp inhibitors, these results did not directly demonstrate that co-administration with inhibitor led to increased cell mortality. To test for increased cell mortality, the adherent MDR prostate cancer cells (DU145TXR^[@CR30]^) were used, since the semi-adherent properties of A2780ADR cells made cell imaging much less reliable. In experiments designed to assess the induction of apoptosis, DU145TXR cells were treated either with 1 μM paclitaxel alone, 10 μM P-gp inhibitors alone, or combinations of paclitaxel with inhibitors for 48 hours. Analysis of these assays took advantage of the facts that acridine orange is taken up both by viable and non-viable cells, intercalates with double stranded DNA, and emits green fluorescence, while ethidium bromide is only taken up by non-viable cells and emits a strong red fluorescence after interchelating with DNA^[@CR37],[@CR38]^. As shown in Figure [2A](#Fig2){ref-type="fig"}, cells treated with vehicle, paclitaxel or P-gp inhibitors alone showed green fluorescence with highly organized nuclear morphologies, suggesting no induced apoptosis. In Fig. [2B](#Fig2){ref-type="fig"}, the blue arrow points out one such morphologically non-apoptotic nucleus. Upon combination treatment with chemotherapeutic and P-gp inhibitors, the number of cells with shrunken, rounded, and darker condensed cell morphologies increased (Fig. [2A](#Fig2){ref-type="fig"}, bright field panels). The number of cells that demonstrated obvious chromatin fragmentation also increased (Fig. [2B](#Fig2){ref-type="fig"}, white arrows). The number of dead cells, as indicated by ethidium bromide fluorescence also increased after co-treatments with chemotherapeutic and P-gp inhibitors (Fig. [2B](#Fig2){ref-type="fig"}, yellow arrows). These results indicated that paclitaxel induced apoptosis in DU145TXR cancer cells when P-gp activity was blocked by the P-gp targeted inhibitors.Figure 2Reversal of paclitaxel resistance by novel P-gp inhibitors induces apoptosis in MDR prostate cancer cells. Panel A: DU145TXR cells were treated either with 1 μM paclitaxel alone, 10 μM of novel P-gp inhibitors alone, or combinations of paclitaxel with P-gp inhibitors for 48 hours, followed by staining with acridine orange and ethidium bromide. Top panels show the bright field images while lower panels show the merged images obtained using GFP and Texas Red fluorescence filters. Both were recorded with 10X objectives. Panel B. Enlarged images of the merged images obtained in panel A with the treatments shown. The *blue arrow* represents a nucleus that is not affected by paclitaxel. Cells in early stages of apoptosis with visible nuclear fragmentation are indicated with *white arrows*, and apoptotic cells, stained red with ethidium bromide are indicated by *yellow arrows*. PTX, paclitaxel; BF, bright field photomicrograph; G + R, green plus red fluorescence composite images.

Reversal of MDR by added P-gp inhibitors causes inhibition of cell proliferation upon exposure to previously sub-lethal concentrations of chemotherapeutics {#Sec6}
-----------------------------------------------------------------------------------------------------------------------------------------------------------

To experimentally test the hypothesis that cells which had residual metabolic activity after co-treatment with chemotherapeutic and P-gp inhibitors were either dying or lost proliferation ability, colony formation experiments^[@CR39]^ were performed. Figure [3A](#Fig3){ref-type="fig"} shows the results of qualitative colony formation experiments, where A2780ADR cells were treated for 48 hours with either vehicle, 0.1 µM vinblastine, 1 µM paclitaxel or 10 µM P-gp inhibitor alone, or combinations of chemotherapeutic and P-gp inhibitor. Time of exposure to chemotherapeutic and / or inhibitor were the same as in Fig. [1](#Fig1){ref-type="fig"}. The cells were then washed with media that did not contain chemotherapeutic or inhibitors and were allowed to recover for 96 hours after which the presence of cell colonies was assessed by crystal violet staining. In the presence of inhibitor in combination with paclitaxel or vinblastine, no cell colonies were observed (Fig. [3A](#Fig3){ref-type="fig"}). In contrast, exposure to paclitaxel, vinblastine, or the inhibitors alone, resulted in very dense, viable cell colonies which were qualitatively equivalent to the DMSO control (Fig. [3A](#Fig3){ref-type="fig"}).Figure 3Reversal of chemotherapy resistances by novel inhibitors of P-glycoprotein. Panel A: Qualitative colony formation analyses using multidrug resistant ovarian cancer cells. A2780ADR cells were treated with chemotherapeutics and/or inhibitors as indicated in the figure for 48 hrs, washed and subsequently cultured for an additional 96 hours. Remaining cell colonies were stained with crystal violet. *Left column from top to bottom:* vehicle (DMSO); vinblastine (VIN) alone; compound 29 alone; vinblastine and compound 29; compound 34 alone; vinblastine and compound 34; compound 45 alone; vinblastine and compound 45; verapamil (VER) alone; vinblastine and verapamil. *Right column from top to bottom:* vehicle (DMSO); paclitaxel (PTX) alone; compound 29 alone; paclitaxel and compound 29; compound 34 alone; paclitaxel and compound 34; compound 45 only; paclitaxel and compound 45; verapamil (VER) alone; paclitaxel and verapamil. The concentrations used were 0.1 µM vinblastine, 1 µM paclitaxel, 10 µM of inhibitors 29, 34, 45 or verapamil. Panel B: Quantitative colony formation analyses using multidrug resistant prostate cancer cells. The experiments were performed as above, except that DU145TXR cells were seeded and grown to lower densities than in (**A**) and exposure to chemotherapeutic and inhibitors was for 24 hours at lower inhibitor concentrations. *Top:* Images of a representative experiment showing stained colonies after 5 days of recovery. Treatments were performed with 5 µM of P-gp inhibitors 29, 34 or 45 alone, 0.5 µM paclitaxel (PTX) alone, or in combination. *Bottom*: Quantitative analysis of colonies formed in (**B**) Each histogram represents the average ± S.D. (n = 6, three replicates from two individual experiments; \*\*\*\*P \< 0.0001).

To more quantitatively assess cell viability and colony formation and to test a different multidrug resistant cancer cell line, similar experiments were performed using the MDR prostate cancer cell line, DU145TXR^[@CR30]^. The conditions for these experiments were chosen to represent the lowest exposure time and inhibitor concentration that resulted in significant differences in the number of colonies formed. Cells were treated for 24 hours with 0.5 µM paclitaxel alone, 5 µM inhibitor alone, or combinations of inhibitor and chemotherapeutic. Afterwards, the media containing inhibitor and/or chemotherapeutic were removed and the cells were allowed to recover for 120 h in the absence of chemotherapeutic or P-gp inhibitor. The cells were fixed and stained as described above. Figure [3B](#Fig3){ref-type="fig"}, top, shows images of the crystal violet stained colonies visible to the unaided eye. Figure [3B](#Fig3){ref-type="fig"} bottom shows the statistical analyses of two independent experiments. The number of colonies formed in the presence of paclitaxel and P-gp inhibitors was found to be significantly lower than when cells were grown with inhibitor or chemotherapeutic alone. These results support the hypothesis that the residual metabolic activities reported by the resazurin viability assays in Fig. [1](#Fig1){ref-type="fig"} and [S1](#MOESM1){ref-type="media"} were due to the residual metabolic activities of cells that were dying, but not yet dead.

P-glycoprotein inhibitors prevent multidrug resistant cancer cells from migrating when exposed to chemotherapeutics that interrupt microtubule dynamics {#Sec7}
-------------------------------------------------------------------------------------------------------------------------------------------------------

To assess whether the P-gp inhibitors affect cancer cell migration in the presence of chemotherapeutics, wound healing assays^[@CR40]--[@CR42]^ were performed with the MDR prostate cancer cell line^[@CR30]^. Figure [4](#Fig4){ref-type="fig"} shows the results of these wound healing assays under conditions of limited cell proliferation in the absence or presence of 0.1 µM vinblastine and 5 µM inhibitor 29, 34, or 45. Controls with the P-gp inhibitors alone (no chemotherapeutic present) are also shown. Figure [4A](#Fig4){ref-type="fig"} shows micrographs typical of the scratch zones immediately after the injury (zero time) and after 14 hours of incubation in low serum media. Figure [4B](#Fig4){ref-type="fig"} presents the averages of the relative wound closures normalized to wound closure in the presence of vehicle only (DMSO). Addition of vinblastine or the P-gp inhibitors by themselves resulted in reduction of the area of the scratch wound similar to vehicle controls, indicating that the MDR cancer cells were able to migrate into the wound site and close the scratch gap under these non-proliferative conditions. When any of the three P-gp inhibitors were used in combination with vinblastine, significant inhibition of wound healing was observed, suggesting that cancer cell migration was strongly inhibited. The closing of scratch area was limited to between 41% (vinblastine with 29 or 45) and 32% (vinblastine with 34) of those of the vehicle only controls. There was no significant difference when 2.5 or 5 µM of inhibitor was used in the presence of chemotherapeutic.Figure 4P-gp inhibitors prevent the migration of MDR cancer cells in the presence of chemotherapeutics that target microtubule dynamics. Panel A: Wound healing assays. Confluent monolayers of the MDR prostate cancer cell line, DU145TXR, were manually scratched and subsequently cultured for 14 hours under conditions that inhibited cell proliferation. Representative 4X bright field micrographs of the scratch zones were recorded. Closure of the scratches was then evaluated in the presence of chemotherapeutic vinblastine (VIN) alone, P-gp inhibitors 29, 34 or 45 alone, as well as in the indicated combinations. The edge of the wound is marked by a black line. Panel B: Percentage wound closure. The average percentage of wound closure under different treatment conditions was compared to vehicle treated. Data are expressed as average ± S.D. of duplicate experiments (n = 12; \*\*\*\*P \< 0.0001). DMSO, carrier vehicle only; VIN, 0.1 µM vinblastine; 29, 34, or 45 indicates added P-gp inhibitor at 2.5 or 5 µM.

The intracellular retention of transport substrates of P-glycoprotein is enhanced in the presence of P-gp inhibitors in MDR cancer cells over-expressing P-gp {#Sec8}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

The results presented in Figs [1](#Fig1){ref-type="fig"}--[4](#Fig4){ref-type="fig"} suggested that P-glycoprotein inhibition leads to enhanced therapeutic efficacies. To determine whether the P-gp inhibitors caused increased cellular retention of P-gp transport substrates, we assessed the accumulation of a known P-gp substrate, calcein AM. Calcein AM is an uncharged, acetoxymethyl derivative of the anionic fluorescent dye calcein and is known to be a substrate for P-gp^[@CR43]^. Cellular esterases convert calcein AM to calcein, which is not transported by P-glycoprotein, making it a useful fluorescent probe for P-gp transport activity.

Figure [5A](#Fig5){ref-type="fig"} shows that inclusion of P-gp inhibitors 29, 34, or 45 in media containing calcein AM with the P-gp overexpressing ovarian cancer cell line, A2780ADR, resulted in significant increases in intracellular calcein as detected by its green fluorescence. Compound 19 had been identified in earlier studies as an inhibitor of P-gp ATPase activity in cell-free biochemical assays^[@CR28]^, but was shown to be ineffective in reversing multidrug resistance in cell-based assays^[@CR29]^. This is likely due to a negative charge of the molecule at neutral pH, making it unable to enter intact cells. Inclusion of compound 19 to the experiments described here served as a negative control. Addition of the P-gp transport substrate verapamil also led to significant increases in intracellular fluorescence, suggesting that uninhibited P-glycoprotein activity in these cells was responsible for the low intracellular calcein accumulation observed in the absence of added P-gp inhibitors or substrates. Addition of the BCRP inhibitor, novobiocin, or the MRP-1 inhibitor, probenecid, did not lead to increased intracellular fluorescence, suggesting that BCRP and MRP-1 were not responsible for removing calcein AM from these cells. Time courses for the changes in calcein fluorescence intensities in the presence of the different inhibitors are shown in Figure [5B](#Fig5){ref-type="fig"}. The data indicate that both increased rates of accumulation as well as increased overall intracellular concentrations of calcein were achieved when P-gp specific inhibitors were present.

It is worth noting that a number of cells in the uninhibited controls (Figure [5A](#Fig5){ref-type="fig"} and [B](#Fig5){ref-type="fig"}) also showed a few isolated puncta of fluorescence. This is hypothesized to be a consequence of subpopulations of cells in the MDR cultures that are not over-expressing P-gp. Given the plasticity of cancer cell genetics, this observation may be expected. Inclusion of chemotherapeutics would be expected to decrease the number of these calcein positive cells in the uninhibited control experiments.

The differential accumulation of the chemotherapeutic daunorubicin in the MDR ovarian cancer cells in the presence and absence of various multidrug resistance pump inhibitors was assessed next. Similar in design to the calcein AM accumulation experiments described, these experiments took advantage of the intrinsic red fluorescence of daunorubicin. Figure Fig. [5C](#Fig5){ref-type="fig"} shows significant increases in intracellular daunorubicin fluorescence when the cells were treated with daunorubicin in combination with 10 µM inhibitor 29, 34, or 45. Inclusion of BCRP- or MRP-1 specific inhibitors (60 µM and 250 µM, respectively) did not result in observable increases in intracellular daunorubicin fluorescence suggesting that these effects were dependent on the specific inhibition of P-glycoprotein. Figure [5D](#Fig5){ref-type="fig"} presents the quantification of daunorubicin accumulation as assayed in Fig. [5C](#Fig5){ref-type="fig"}. The accumulation of daunorubicin in the presence of the experimental P-gp inhibitors was comparable to that observed for the non-MDR parental cell line, A2780 (Fig. [5D](#Fig5){ref-type="fig"}).Figure 5P-gp inhibitors restore calcein-AM or daunorubicin accumulation in MDR ovarian cancer cells. Panel A: Calcein-AM accumulation. Calcein AM accumulation upon P-gp inhibition was analyzed as described in methods using A2780ADR cells. All experiments had identical components except for the additions indicated. Additions were: DMSO, carrier vehicle at 0.5% final volume; compounds 19, 29, 34 or 45 at 10 µM; VER, 10 μM verapamil; NOV, 60 μM novobiocin; PRO, 250 μM probenecid. Scale bars are 200 µm. Panel B: Time course of calcein accumulation. Fluorescence measurements were made on the entire wells during the imaging experiments described in panel A. The increase in relative fluorescence resulting from accumulated calcein is plotted versus the time of incubation. The indicated additions were as described in panel A. Panel C: Daunorubicin accumulation. Intracellular daunorubicin accumulation in A2780ADR cells was observed similarly to the accumulation of calcein (see panel A). After a 2 hour incubation with 10 µM daunorubicin, fluorescence images of the cells were obtained using a Texas Red filter. Additions were as indicated in panel A. Panel D: Quantification of intracellular daunorubicin accumulation. A2780ADR cells were incubated as described for panel C. After the 2 hour incubation, cells were washed twice with cold RPMI to remove extracellular daunorubicin, and then lysed. The fluorescence of each well was measured at excitation 488/20 nm and emission 575/20 nm. Percent accumulation of daunorubicin in A2780ADR cells was normalized to the parental A2780 cells. Additions were as indicated in panel A. Each histogram represents the average ± S.D. from two independent experiments (n = 6; \*\*\*\*P \< 0.0001).

Increased accumulation and deep penetration of calcein in 3D tumor spheroids treated with P-gp inhibitors {#Sec9}
---------------------------------------------------------------------------------------------------------

To assess the ability of the targeted P-gp inhibitors to facilitate the penetration of P-gp substrates into cells in tumor-like structures, microtumor spheroid cultures of an MDR prostate cancer cell line^[@CR30]^ were produced. Incubation of the spheroids with calcein AM in the presence of either vehicle alone or P-gp inhibitor 29, 34, or 45 showed considerably increased calcein fluorescence (Fig. [6A](#Fig6){ref-type="fig"} top row). The relative calcein fluorescence was visualized as 3D surface plots using the pixel intensities of the corresponding images (Fig. [6A](#Fig6){ref-type="fig"}, lower panel). Calcein accumulation was higher in the interior regions of the microtumors in the presence of P-gp inhibitors than in the DMSO control. These experiments suggest that calcein penetrated deeper into the interior of the microtumor in the presence of P-gp inhibitors. The time dependence of calcein AM uptake and calcein accumulation in the presence or absence of compound 29 is shown in Fig. [6B](#Fig6){ref-type="fig"}.Figure 6P-gp inhibitors increase the accumulation and penetration of calcein-AM in MDR prostate cancer spheroids. Panel A: Calcein accumulation in 3D-spheroids. Upper panel -- After 100 minutes of incubation with 2.5 µM of the P-gp substrate calcein-AM, fluorescence images of the spheroids were recorded. DMSO, 0.5% final volume; compounds 29, 34 or 45 at 15 µM. Scale bar indicates 1000 µm. Lower panel -- 3D surface plots representing the pixel intensities of the corresponding images from the experiments above. Panel B: Time course of calcein accumulation. Fluorescence images of the spheroids treated with vehicle only or P-gp inhibitor 29 were obtained over 20 minute intervals using a GFP filter as described in panel A. Increases in calcein accumulation in the presence of compound 34 or 45 were observed to be similar to those shown with compound 29 (data not shown).

Increased cytotoxicity of daunorubicin in the presence of P-glycoprotein inhibitors in multidrug resistant prostate cancer microtumors {#Sec10}
--------------------------------------------------------------------------------------------------------------------------------------

The experiments described in Figs [1](#Fig1){ref-type="fig"}--[3](#Fig3){ref-type="fig"}, [S1](#MOESM1){ref-type="media"}, [S3](#MOESM1){ref-type="media"} and [S4](#MOESM1){ref-type="media"} showed that the cytotoxicity of chemotherapeutics like paclitaxel or vinblastine to MDR cancer cells in traditional 2D cell culture was increased in the presence of the P-gp inhibitors 29, 34, or 45. It was of interest to test whether combination treatment of P-glycoprotein inhibitors with chemotherapeutic would increase the cytotoxicity of chemotherapeutics in microtumors. To investigate this hypothesis, DU145TXR spheroids were treated for 48 hours with either vehicle, P-gp inhibitor 29 or daunorubicin, as well as the combination of daunorubicin with two different concentrations of compound 29. After treatment, reagents were removed and the spheroids were incubated with fresh complete media for an additional 4 days. The growth of the spheroids under these conditions is shown in Fig. [7A](#Fig7){ref-type="fig"}. The change in size of the microtumors was quantified as the surface area of the spheroids as observed in the bright field images. Growth of the tumors in the presence of 15 or 25 µM of 29 alone was similar to that in the presence of DMSO alone, demonstrating the low toxicity of 29. In the presence of 1 µM daunorubicin, the tumor size did not change significantly over the course of the experiment, while combination with 15 or 25 µM of 29 led to a \~ 60% reduction in the size of the microtumors. Figure [7B](#Fig7){ref-type="fig"} shows a representative set of photomicrographs that correspond to the end-points of these experiments. The left panel shows bright field images of the microtumors after the treatments indicated in the figure. The middle panel shows the red fluorescence of the same microtumors upon addition of ethidium bromide, which stains dead cells^[@CR37]^. Merged images are shown in the right panel. The results indicate that the efficacy of cancer cell killing by the daunorubicin chemotherapy treatment of these microtumors was increased in the presence of the P-glycoprotein inhibitor 29.Figure 7Inhibition of P-gp leads to increased daunorubicin-induced cell death in MDR spheroid microtumors. Panel A: Time course of changes in tumor area. MDR DU145TXR spheroids were prepared and treated with P-gp inhibitory compound 29 with or without daunorubicin as described in methods. Areas of the spheroids were calculated at each day of the experiment and fold change plotted versus time. Values were normalized to the size of the tumor before addition of chemotherapeutic. Each point represents average ± S.D. (n = 4). Panel B: Photomicrographs of spheroids at the end of the experiment. At the end of the experiment, dead cells were illuminated by ethidium bromide staining and bright field and fluorescence (Texas Red channel) micrographs of typical spheroids were recorded. Treatments were as indicated in the panel labels. For each spheroid shown, bright field (left), Texas Red fluorescence (middle) and merged (right) images are shown. DNR, daunorubicin.

P-gp inhibitors 29, 34 and 45 do not affect P-gp protein expression levels {#Sec11}
--------------------------------------------------------------------------

Previous studies have shown that reversal of multidrug resistances in cancers can sometimes be due to lowered expression of the protein and not to direct inhibition of P-gp transport by an experimental compound^[@CR44],[@CR45]^. To test whether the inhibitors used in this study affected P-gp expression, Western blot analyses of the P-gp overexpressing prostate cancer cell line were performed after incubation for 48 hours with inhibitors 29, 34, or 45. These conditions led to at least 17-fold sensitization of the DU145 TXR cells to paclitaxel^[@CR29]^. The results of the Western blot analyses are shown in Figs [S5](#MOESM1){ref-type="media"} and [S6](#MOESM1){ref-type="media"}. No decreases in P-gp protein expression were observed.

P-gp inhibitors 29, 34 and 45 are not transport substrates of P-gp {#Sec12}
------------------------------------------------------------------

The original premise of our search for P-gp inhibitors was that compounds that are not transport substrates of the pump would make better lead compounds for future development for clinical use^[@CR28],[@CR29]^. To test whether compounds 29, 34 and 45 are transport substrates, accumulation assays were performed where DU145TXR cells were incubated with 5 µM of 29, 34 and 45 in the presence or absence of the known P-gp inhibitor tariquidar^[@CR46],[@CR47]^. A P-gp transport substrate, daunorubicin, was used as a positive control. After incubation for 2.5 hours, cells were washed with ice-cold buffer and counted. After cell lysis, the cell contents were analyzed by LC-MS/MS. The results of these analyses are shown in Fig. [8](#Fig8){ref-type="fig"}. The studies indicate that cellular accumulation of compounds 29, 34 and 45 was no different in the presence or absence of tariquidar, while cellular accumulation of the P-gp substrate, daunorubicin, was significantly increased in the presence of tariquidar. These results support the hypothesis that compounds 29, 34 and 45 are not P-gp transport substrates.Figure 8Compounds 29, 34 and 45 are inhibitors of P-gp and not transport substrates. Quantitative LC-MS/MS analysis of intracellular accumulation of 29 (panel A), 34 (panel B), 45 (panel C), or daunorubicin (panel D) in DU145 TXR. Each histogram represents the average ± S.D. (n = 3, two independent experiments); \*\*P \< 0.01; NS -- not significant). DNR, daunorubicin; TQR, tariquidar.

Inhibitors 34 and 45 are P-gp specific, while compound 29 also affects the breast cancer resistance protein {#Sec13}
-----------------------------------------------------------------------------------------------------------

In order to assess whether the inhibitors were specific for P-gp or would also inhibit other ABC transporters, we created a BCRP-overexpressing breast cancer cell line, MCF-7 M100, which we derived from MCF-7 cells^[@CR48]^ by exposing the cells to increasing, sub-lethal concentrations of the BCRP pump substrate and chemotherapeutic, mitoxantrone^[@CR49]^. Fig. [S7](#MOESM1){ref-type="media"} shows the results of Western blot analyses of cell lysates of the MCF-7 and MCF-7 M100 cell lines indicating that the MCF-7 M100 derivative line overexpresses the BCRP protein.

Figure [9](#Fig9){ref-type="fig"} shows the results of experiments that suggest that compounds 34 and 45 inhibit only P-gp, while compound 29 inhibits both P-gp and BCRP. In these experiments, the MCF-7 M100 cells were exposed to mitoxantrone (a BCRP substrate), in the presence or absence of verapamil (a P-gp substrate), novobiocin or Ko143 (BCRP inhibitors), and the P-gp inhibitors 29, 34 or 45 as indicated in the figure. Cell viability was assessed using MTT assays^[@CR50],[@CR51]^. The results indicate that cellular viability of the MCF-7 M100 cell line was reduced when mitoxantrone was co-administered with the BCRP inhibitors, novobiocin and Ko143, but no effect was observed when the P-pg substrate, verapamil, was added. The addition of mitoxantrone or the targeted inhibitors individually did not affect cell viability. When co-administered with mitoxantrone, compounds 34 or 45 did not significantly affect the viability of MCF-7 M100 cells. Compound 29, however, in combination with mitoxantrone, caused statistically significant reduction in cell viability when compared to the viability of the cells in the presence of 29 alone. These results suggest that at the concentrations used, compounds 34 and 45 are P-gp specific, while compound 29 inhibits both P-gp and BCRP.Figure 9Inhibitors 34 and 45 are specific for P-gp while compound 29 also inhibits BCRP. MCF-7 M100 cells were treated with 50 nM of the chemotherapeutic mitoxantrone and either compound 29, 34, or 45 at 5 or 10 µM, verapamil at 10 µM, novobiocin at 200 µM or Ko143 at 1 µM as indicated in the figure. Each histogram presents the average ± S.D. of the determinations (n = 8, replicates from two individual experiments; \*\*\*\*P \< 0.0001; \*P \< 0.1). MNT, mitoxantrone; VER, verapamil; NOV, novobiocin.

Discussion {#Sec14}
==========

While chemotherapy resistances may have a variety of causes, multidrug resistance is often caused by the overexpression of P-gp or closely related members of the ABC-transporter family^[@CR52],[@CR53]^. Unfortunately, to date none of the P-gp inhibitors previously identified and pursued as potential co-therapeutics for treatment of MDR diseases has been successful in clinical trials^[@CR21],[@CR22]^. The most recent trials employing the P-gp inhibitor, tariquidar, suffered from toxicities and several Phase III trials have been abandoned, see^[@CR47]^. A Phase III trial with another P-gp inhibitor, zosuquidar^[@CR54]^, was recently completed, but did not show improved outcomes in older acute myeloid leukemia patients. The authors of the study speculated that resistances unrelated to P-gp were the cause for the negative outcomes. Despite these set-backs, the potential of P-gp inhibition to improve cancer patient outcomes was demonstrated in an earlier randomized Phase III trial with poor-risk, acute myeloid leukemia patients^[@CR23]^. These data indicated that positive effects from inhibitors were most prominent in patients with increased P-gp expression. Despite limited success in the clinic, P-gp still seems an important and relevant target for drug discovery and development. More recent advances in the knowledge of the structure and mechanism of P-gp as described in^[@CR14],[@CR27]^ as well as the related drug pumps^[@CR55],[@CR56]^ will likely help discovery of specific inhibitors of specific pumps in a more rational way. Many of the inhibitors previously pursued are thought to bind to the drug binding domains and inhibit chemotherapeutic export by functioning as P-gp transport substrates and competing for transport cycles^[@CR22]^. This characteristic likely led to the need for relatively high systemic concentrations causing off target toxicities.

In previous work^[@CR28]^, our group hypothesized that molecules that strongly interacted with the ATP binding domains of P-gp and interfered with the power harvesting of the pump, but that do not bind well to the drug binding domains, would make better leads for inhibiting P-gp. Ultra-high-throughput computational techniques led to the discovery of a number of small, drug-like compounds that were predicted to inhibit P-gp action by specifically interacting with ATP binding and/or hydrolysis^[@CR27],[@CR28]^. Three of these compounds 29, 34 and 45 reversed multidrug resistance in MDR prostate cancer cells in culture^[@CR29]^ (see Fig. [1](#Fig1){ref-type="fig"} for the chemical structures). Here we described results that strongly suggest that the P-gp inhibitors 29, 34 and 45 reverse multidrug resistance and increase cell mortality in the presence of chemotherapeutics in different cancer cells, in both 2- and 3-dimensional cultures. We showed that these effects are caused by P-gp specific inhibition leading to increased accumulation of P-gp substrates. The decreased P-gp transport activity was shown not to be the result of downregulation of P-gp expression. We also showed that the inhibitors are not transport substrates of P-gp and that compounds 34 and 45 are P-gp specific, whereas compound 29 also affected the activity of the breast cancer resistance protein.

To establish that the effects of the *in silico* identified inhibitors were not cancer-type specific, we extended our studies here to an ovarian cancer cell line, A2780 and its MDR subline, A2780ADR^[@CR32],[@CR57]^. Supplemental Fig. [1](#MOESM1){ref-type="media"} and Table [1](#Tab1){ref-type="table"} show that the ADR subline exhibited a chemotherapy resistance phenotype to both vinblastine and paclitaxel and that P-gp was significantly overexpressed. We also demonstrated that inclusion of the P-gp inhibitors 29, 34 or 45 with either paclitaxel or vinblastine reversed the multidrug resistance phenotype exhibited by the A2780ADR cells (Fig. [1](#Fig1){ref-type="fig"}).

The enzymatic reduction of resazurin (Alamar Blue)^[@CR58]^ or tetrazolium salts like MTT^[@CR50]^ are frequently used in medium to high throughput assays to evaluate toxicity of experimental compounds. Both assays respond to mitochondrial metabolism, which is correlated to cell viability, but may not be directly correlated to cell proliferation^[@CR59],[@CR60]^. Figure [1](#Fig1){ref-type="fig"} shows that even at high concentrations of the chemotherapeutic, paclitaxel, significant mitochondrial metabolic activity was observed. As seen in supplemental Fig. [1](#MOESM1){ref-type="media"}, the parental A2780 strain showed about 20% residual "metabolic viability" at 10 nM paclitaxel, while more than 50% viability was observed for the A2780ADR line at paclitaxel concentrations 4 orders of magnitude higher. In contrast, vinblastine resulted in residual viability of less than 10% for the parental and \~20% for the MDR line. Similarly, when inhibitors were co-administered with vinblastine, reduction of viability to about 20% was observed. Paclitaxel under these conditions led to about 50% reduction of viability. Both paclitaxel and vinblastine affect microtubule formation and stability, however their mechanisms of action differ. While taxols stabilize microtubules, vinca alkaloids inhibit microtubule polymerization^[@CR61]--[@CR63]^. These differences in action may cause different onsets of cell death and may result in the observed prolonged mitochondrial activities.

A main goal of using chemotherapeutics is to induce apoptosis in cancer cells. Paclitaxel stabilizes microtubules leading to G2/M cell cycle arrest and apoptotic cell death^[@CR64]^. Induction of apoptosis is relatively easy to demonstrate^[@CR65]^. We showed in Fig. [2](#Fig2){ref-type="fig"} that co-treatment with paclitaxel and P-gp inhibitors significantly induced apoptosis-related characteristics in these MDR cancer cells and increased the number of observed dead cells indicating that inhibition of P-gp resulted in paclitaxel-induced apoptosis. This hypothesis was further supported by the results of colony formation assays using both MDR prostate and ovarian cancer cell lines (Fig. [3](#Fig3){ref-type="fig"}). These results taken together strongly suggest that the P-gp inhibitors studied here potentiate the effect of chemotherapeutics on multidrug resistant cancer cells.

While the inhibition of cell proliferation of cancer cells is extremely important, arguably of equal concern is the potential migration of cells to other sites in the body even when proliferation is inhibited. In order to test the effects of P-glycoprotein inhibition on MDR cancer cell migration, a series of wound healing assays were performed. As described in^[@CR40]--[@CR42]^, when a nearly confluent two-dimensional cell culture is physically damaged by scratching through the cell layer, migration of cells into the gap can be differentiated from filling the gap by proliferative mechanisms, if the culturing media lacks essential factors required for proliferation. Media with low serum concentrations allow only minimal cell proliferation. Under these conditions, the "healing" of the wound can occur only by the migration of existing cells into the scratch zone. In experiments like these, filling of the gap with cells ("healing or wound closure") likely occurs by detachment and movement of preexisting cells into the gap^[@CR40]--[@CR42]^. Our results (Fig. [4](#Fig4){ref-type="fig"}) strongly indicated that the presence of the P-gp inhibitors 29, 34, or 45 with vinblastine inhibited wound closure by 30 to 50% suggesting that an increased accumulation of vinblastine in cells treated with P-gp inhibitors inhibited cell migration. Vinblastine is known to interact with tubulin, resulting in perturbations of microtubule polymerization^[@CR66]^ which is a necessary requirement for cellular mobility.

Increased intracellular accumulation of P-gp substrates, calcein AM and daunorubicin, upon inhibition of P-gp activity by our experimental compounds was then shown in Fig. [5](#Fig5){ref-type="fig"}. Calcein AM is frequently used as a probe to test P-gp and MRP-1 function in cultured cell lines, as well as in primary cancer cells from patients for treatment outcome predictions^[@CR67]--[@CR69]^. Calcein AM is a transport substrate for P-gp, while the hydrolysis product, calcein, is not transported by the pump. High P-gp activities can therefore be correlated with the lack of intrinsic fluorescence of calcein, while inhibition of P-gp or lack of expression can be correlated with increased intracellular fluorescence. We demonstrated that calcein AM accumulation in the MDR ovarian cancer cell line significantly increased in the presence of the P-gp inhibitors. Very similar increases in accumulation of daunorubicin in the presence of P-gp specific inhibitors 29, 34 and 45 were also demonstrated. These results are consistent with 29, 34 and 45 blocking P-gp catalyzed export of calcein AM or daunorubicin, causing cellular accumulation of the substrates. Control experiments suggested that these effects were due to inhibition of P-glycoprotein and not due to the activities of BCRP or MRP-1.

One of the potential factors that negatively affected success in clinical trials of P-gp inhibitors was lack of tumor penetration of some of the inhibitors^[@CR70],[@CR71]^. To evaluate whether the experimental P-gp inhibitors facilitated P-gp inhibition in what might be more of a clinically relevant 3-dimensional culture, microtumor spheroids were grown using the multidrug resistant DU145TXR prostate cancer cell line. Cellular accumulation of P-gp substrates as well as cytotoxicity of chemotherapeutics were then assessed. In attempts to create spheroids from the MDR ovarian cancer cell line, A2780ADR, we observed a lack of tight association of the cells that was likely due to low expression of claudin 4 which is required for spheroid formation^[@CR72]^. The MDR prostate cancer cell line, DU145TXR, however, showed relatively tight cell to cell association in the microtumors produced. Results of experiments using these microtumors treated with P-gp inhibitors showed stronger accumulation of calcein AM also in internal parts of the spheroid (Fig. [6](#Fig6){ref-type="fig"}). In time course experiments, nearly complete tumor penetration of the fluorescent dye was observed after about 100 minutes of incubation, suggesting that the P-gp inhibitors affected cells inside the tumor. Increased cytotoxicity of daunorubicin in the presence of inhibitor 29 indicated that the inclusion of the P-gp inhibitor resulted in significantly increased cell mortality and destruction of these microtumors (Fig. [7](#Fig7){ref-type="fig"}).

It had been previously shown by others that chemotherapeutics or P-glycoprotein inhibitors affected P-gp protein expression levels in cancer cells and that decreased expression of P-gp can be a cause of re-sensitization of MDR cells. Cisplatin, for example, has been observed to increase P-gp expression^[@CR73],[@CR74]^, while agents like curcumin or certain antipsychotics appear to decrease P-gp expression^[@CR44],[@CR45]^. We evaluated the effects of the targeted P-gp inhibitors on P-gp expression using Western blot analyses and found that exposure of the cancer cells to the P-gp inhibitors 29, 34 and 45 did not result in decreases in P-glycoprotein expression. This suggests that the effects presented here were the result of direct inhibition of the transport activities of the pump by compounds 29, 34 and 45, and were not related to changes in protein expression.

The original premise and hypothesis for our studies was that P-gp inhibitors that are not transport substrates by themselves will make better drug leads for future development^[@CR28],[@CR29]^. We presented biochemical data in^[@CR28]^ that supported the hypothesis that inhibitors 29, 34 and 45 were not transport substrates. Here we presented strong evidence that these inhibitors are not transported by P-gp, since the presence of the strong P-gp inhibitor, tariquidar, did not significantly affect accumulation of the compounds (Fig. [8](#Fig8){ref-type="fig"}).

Additional experiments were performed to assess the specificity of inhibition by compounds 29, 34 and 45 on a second ABC transporter, BCRP, using a BCRP overexpressing MDR breast cancer cell line (Fig. [9](#Fig9){ref-type="fig"}). These experiments indicated that the P-gp inhibitors 34 and 45 did not significantly resensitize the BCRP overexpressing cell line to mitoxantrone, which is a BCRP substrate and chemotherapeutic. This suggests that the P-gp inhibitors 34 and 45 discriminated between the two closely related ABC transporters, P-glycoprotein and BCRP. Compound 29 on the other hand did resensitize the BCRP overexpressing cell line to mitoxantrone, indicating it did not discriminate between the two transporters. It will be of interest in the future to extend these investigations of the discrimination of the P-gp inhibitors to other ABC transporters and more generally to other ATP-utilizing enzymes.

P-glycoprotein has been a target for drug discovery for almost 40 years (for reviews see^[@CR20]--[@CR22]^). Other investigators also describe P-gp inhibitors that interact with the nucleotide binding domains of P-gp^[@CR75],[@CR76]^ although translation into the clinic has not yet been reported. Others recently reported *in silico* drug discovery studies^[@CR77]^. However, these studies targeted the drug binding domains in attempts to disrupt drug transport by P-gp. This approach may lead to P-gp inhibitors that are transported by P-gp, a characteristic that we have tried to avoid.

Conclusions {#Sec15}
===========

We have shown here that the targeted inhibitors that were initially discovered through computational high throughput drug docking studies specifically inhibited P-glycoprotein function and increased the accumulation of P-gp transport substrates in 2- and 3-dimensional cell cultures of chemotherapy resistant ovarian and prostate cancer cell lines. We showed that the inhibitors were not themselves P-gp transport substrates, but increased accumulation of chemotherapeutics and caused reduction of cell viability, reduced colony formation, reduced cell migration, and increased cell death in both 2- and 3-dimensional cell culture studies. The reversal of the multidrug resistance phenotypes observed here was shown not to be due to downregulation of P-gp expression. P-gp inhibitors 34 and 45 did not appear to affect BCRP transport activities, while compound 29 affected both P-gp and BCRP. The experimental compounds 29, 34 and 45 therefore appear to be promising candidates for further development into co-therapeutics to treat cancers that are multidrug resistant due to P-gp overexpression.

Materials and Methods {#Sec16}
=====================

Cell lines and cell culture {#Sec17}
---------------------------

The chemotherapeutic sensitive DU145 human prostate cancer cells^[@CR78]^ as well as the multidrug resistant sub-line, DU145TXR^[@CR30]^ were generous gifts from Dr. Evan Keller (University of Michigan, Ann Arbor, MI). The MDR DU145TXR was maintained under positive selection pressure by supplementing complete medium with 10 nM paclitaxel (Acros Organics, NJ). The above mentioned cell lines as well as the chemotherapeutic sensitive A2780 ovarian cancer cells (93112519, Sigma) and the multidrug resistant A2780ADR (93112520, Sigma)^[@CR32],[@CR57]^ were maintained in complete media consisting of RPMI-1640 with L-glutamine, 10% fetal bovine serum (FBS; BioWest, Logan, UT), 100 U/mL penicillin and 100 μg/mL streptomycin in a humidified incubator at 37 °C and 5% CO~2~. The drug-resistant line A2780ADR was maintained under positive selection pressure by supplementing complete medium with 100 nM doxorubicin (Fisher Scientific, NJ). Cell culture materials were purchased from Corning Inc. (Corning, NY) unless otherwise stated. A BCRP over-expressing breast cancer cell line (MCF-7 M100) was established by us according to a previously described method^[@CR49]^. The drug sensitive MCF-7 (ATCC)^[@CR48]^ breast cancer cell line was exposed to increasing concentrations of the chemotherapeutic, mitoxantrone, over 60 passages. The mitoxantrone resistant MCF-7 M100 cell line was maintained under positive selection pressure by supplementing complete medium with 100 nM mitoxantrone (Santa Cruz Biotechnology, CA).

Western blot analyses {#Sec18}
---------------------

Whole cell lysates were prepared using approximately five million cells from each cell line. Cells were lysed in 500 μL of SDS buffer (125 mM Tris HCl pH 6.8, 20% v/v glycerol, 4% w/v SDS and 2% v/v β-mercaptoethanol) containing 5 μL of protease inhibitor cocktail (P8340, Sigma). The lysates were filtered through a spin column (QIAprep ®) by centrifugation at 5000 rpm for 5 minutes and used for Western blot analysis. The lysate proteins were resolved by denaturing SDS-PAGE^[@CR79]^ for 100 minutes at 110 V and subsequently transferred to a PVDF membrane (Bio-Rad, CA) using a Mini Transblot cell (Bio-Rad) for 70 minutes at 110 V. The transfer buffer contained 192 mM glycine, 25 mM Tris, and 10% methanol. The membrane was blocked overnight at 4 °C with 4% powdered skimmed milk in TBS-T (12 mM Tris--HCl pH 7.5, 0.5 M NaCl, 0.05% Tween 20). Washed membranes were incubated with the P-gp mouse monoclonal antibody C219 (Enzo Life Sciences, NY), the BCRP-specific monoclonal antibody B1 (from Santa Cruz Biotechnology, CA), or the β-actin monoclonal antibody C4 (Santa Cruz Biotechnology, CA), diluted to between 1:500 and 1:2000 in TBS-T and 4% powdered skimmed milk for 2 hours at room temperature. Washed membranes were subsequently incubated for 1 hour at room temperature with alkaline horseradish peroxidase-conjugated goat anti-mouse secondary antibody sc-2005 (Santa Cruz Biotechnology, CA) diluted to 1:10000 in TBS-T containing 4% milk powder. Membranes were washed in TBS-T and P-gp, BCRP, or β-actin were visualized using enhanced chemiluminescence detection (ECL kit, Thermo Scientific, IL). To evaluate P-gp protein expression levels of cells after inhibitor treatment, DU145TXR cells were treated with 5 μM of P-gp inhibitors 29, 34 or 45 for 48 hours after which cell lysates were prepared and Western blot analyses were performed as described above.

Resazurin cell viability assay {#Sec19}
------------------------------

The resazurin assay is a well-established cell viability assay^[@CR80]^ which relies on the reduction of the blue, water soluble resazurin to highly fluorescent resafurin^[@CR80]^ under the reducing environment in the cell. The fluorescence of resafurin is directly proportional to the number of viable cells and can be measured by excitation at 530 nm and emission at 590 nm^[@CR80]^. The assay was performed as follows: Cells were trypsinized from monolayers and seeded with 4000 cells in 150 μL of complete medium in a 96 well plate. After 24 hours, cells were treated with chemotherapeutics and / or P-gp inhibitory compounds dissolved in DMSO, or DMSO controls diluted in complete medium for 48 hours. The chemotherapeutics, paclitaxel and vinblastine, were purchased from Acros Organics, NJ, and MP Biomedicals, France, respectively. Upon 42 hours of treatment, resazurin assays were performed as described in^[@CR33]^ using 440 μM of resazurin (Acros Organics, NJ) solution prepared in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na~2~HPO~4~, 1.8 mM KH~2~PO~4~, pH 7.4). After 6 hours of incubation with resazurin, the resulting fluorescence was measured by excitation at 530 nm and emission at 590 nm using a Bio-Tek Synergy 2 multi-mode plate reader (Bio-Tek, Winooski, VT). DMSO was used as the vehicle, 250 μM probenecid and 60 μM novobiocin (both from Alfar Aesar, MA) were used as negative controls, and verapamil (MP Biomedicals, France) was used as a positive control for P-gp inhibition. Percent viability was calculated using DMSO treated cells as representative for 100% viability. Background fluorescence was determined using resazurin and complete medium without cells.$$\documentclass[12pt]{minimal}
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The results were plotted as the mean with standard deviation (SD) of twelve replicates per concentration from at least two independent experiments. The graphical representations and IC~50~ values were determined using four parameter variable slope non-linear regression, using the following equation: Y=bottom + (top-bottom)/(1 + 10\^((logIC50-X)\*Hill Slope) (GraphPad Prism™, La Jolla California, USA, Version 6.05). The reported "fold sensitization" was calculated as follows.$$\documentclass[12pt]{minimal}
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MTT cell viability assay for BCRP over-expressing MCF-7 M100 breast cancer cell line {#Sec20}
------------------------------------------------------------------------------------

MCF-7 M100 cells were trypsinized from monolayers and seeded with 2500 cells in 150 μL of complete medium in a 96 well plate. After 24 hours, cells were treated with mitoxantrone (50 nM, Santa Cruz Biotechnology, CA) and / or P-gp inhibitory compounds dissolved in DMSO, or DMSO controls diluted in complete medium for 96 hours. After 96 hours of treatment, MTT assays were performed as described in^[@CR81]^ using 5 mg/mL of MTT (Acros Organics, NJ) solution prepared in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na~2~HPO~4~, 1.8 mM KH~2~PO~4~, pH 7.4). After 4 hours of incubation with MTT, the media was removed and the formazan crystals were dissolved in 100 µL of DMSO. The absorbance at 570 nm was then measured using a BioTek Cytation 5 imaging multi-mode reader (Bio-Tek, Winooski, VT). Data were obtained from two independent experiments. DMSO was used as the vehicle, 200 μM of novobiocin (Alfar Aesar, MA) and 1 μM of Ko143 (Sigma) were used as positive controls, and verapamil (MP Biomedicals, France) was used as a negative control for BCRP inhibition. Percent viability was calculated using DMSO treated cells as representative for 100% viability.

Colony formation assay {#Sec21}
----------------------

Colony formation assays were performed similar to those described in^[@CR39]^ with slight modifications. A2780ADR cells were seeded at 4000 cells per well in 96 well plates for 24 hours and incubated for 48 hours with chemotherapeutics vinblastine (0.1 µM**)** or paclitaxel (1 µM) alone, as well as 10 µM inhibitors, compounds 29, 34, 45 or verapamil alone, or combinations of chemotherapeutics and inhibitors at the concentrations given above. After 48 hours, the media were replaced with drug free media and cells were allowed to grow for an additional 96 hours. To visualize cells that had grown during that period, media were removed from the wells of 96 well plates and cells were fixed with a mixture of methanol and acetic acid 3:1 (v/v) solution. After 5 minutes, the fixation solution was removed and the cells were stained with 0.5% w/v crystal violet (Alfar Aesar, MA) in 25% methanol for 30 minutes. Finally, crystal violet was removed and the plates were washed with running water to remove excess crystal violet. Cells that had continued to grow over the 96 hour incubation time were visible as blue dots in nearly confluent cell colonies. No growth was observed where P-gp inhibitors and chemotherapeutic were co-administered during the initial 48 hr incubation.

In a more quantitative colony formation assay similar to^[@CR39]^, DU145 TXR cells were seeded in 24 well plates with 200 cells per well. After 24 hours, cells were treated with 500 nM paclitaxel or 5 μM inhibitors alone, as well as combinations of inhibitors and chemotherapeutics for 48 hours. The media was then removed and cells were allowed to form colonies for 5 days in drug-free complete media. Cells were fixed and stained as described above. Colonies visible to the naked eye were counted and recorded by persons blinded to all experimental conditions. The experiment was repeated two times.

Scratch assay {#Sec22}
-------------

Scratch assays were performed as outlined previously^[@CR41]^ with minor modifications. Cells were trypsinized from monolayers and diluted in complete culture medium to a density of 25,000 cells in 300 μL cell suspension per well in 48-well plates and cultured until confluent. The monolayers of cells were scratched using a 200 μL pipette tip. Media was removed and the cells were washed with PBS to remove any floating cells. Low serum (1%) containing media was then added to the wells together with 0.1 μM vinblastine with or without 2.5 or 5 µM P-gp inhibitory compounds, or 0.5% DMSO as a drug-carrier vehicle control. Immediately after the scratching and media additions, the wounds were imaged using a BioTek Cytation 5 imaging multi-mode reader (Bio-Tek, Winooski, VT). After 14 hours, the remaining wounds were imaged again and the areas of the wounds before and after treatment were quantified using ImageJ software^[@CR82]^. The percentage of wound closures in each test were calculated compared to vehicle treated experiments. Each individual experiment was performed in triplicate and 2 images were obtained for each well. The whole experiment was repeated at least once, and n = 12 was used for the statistical analysis.

Calcein AM assay {#Sec23}
----------------

To assess inhibition of P-gp-catalyzed transport of the P-gp pump substrate, calcein AM, A2780ADR cells were seeded at 40,000 cells per well in 96 wells plates and allowed to grow in complete medium for 48 hours. Medium was removed and cells were treated with or without 10 μM P-gp inhibitory compounds and 2.5 μM calcein AM (Life Technologies, OR) and diluted into phenol red free RPMI 1640 media. The cells were imaged over 45 minutes in 15 minute intervals using both GFP fluorescence and bright field filters. Fluorescence was measured by excitation at 485 nm with a 20 nm gate and at emission at 535 nm with a 20 nm gate using a BioTek Cytation 5 imaging multi-mode reader (Bio-Tek, Winooski, VT). DMSO was used as the vehicle, 10 μM experimental compound 19 (which does not penetrate intact cells)^[@CR29]^, 250 μM probenecid and 60 μM novobiocin were used as negative controls, and verapamil was used as a positive control for competitive inhibition of P-gp transport. Results were plotted as the mean with standard deviation (SD) of three replicates per concentration and are representative of at least two independent experiments.

Daunorubicin accumulation experiments {#Sec24}
-------------------------------------

A2780ADR cells were seeded in 96 wells plates at 150,000 cells per well in complete media and allowed to grow overnight. Medium was then removed and cells were treated with or without 15 μM P-gp inhibitory compounds and in the presence of 10 μM daunorubicin (MP Biomedicals, France) diluted in complete medium. After 2.5 hours of incubation, media were removed and cells were washed once with PBS containing DMSO 5% and once with 2% DMSO and imaged using a Texas Red fluorescence filter and a BioTek Cytation 5 imaging multi-mode reader.

To quantify the accumulation of daunorubicin in cells, assays were carried out as above, but cells were lysed in 100 μL of PBS containing 0.5% SDS and 0.5% Triton X100 immediately after the washing step. The fluorescence of daunorubicin was measured using excitation at 488 nm with a 20 nm gate and emission at 575 nm with a 20 nm gate using the BioTek Cytation 5 imaging multi-mode reader.

Calcein AM uptake in spheroids {#Sec25}
------------------------------

Spheroids of the multidrug resistant prostate cancer cell line, DU145TXR, were produced as described^[@CR83]^ with the following modifications. Cells were trypsinized from monolayers and diluted in complete culture medium to a density of 15000 cells in a 200 μL cell suspension per well in 96-well plates. Prior to the experiment, all wells used for the assay had been coated with 2.5% low melting agarose in RPMI. After seeding, the 96-well plates were centrifuged at 600 rpm for 20 minutes. Centrifugation was repeated after 24 hours to obtain more tightly packed spheroids. Spheroids that had formed six days after seeding were used for experiments. Spheroids were pretreated with 15 µM of P-gp inhibitors 29, 34 or 45 for 3 hours and then incubated with 2.5 µM of calcein-AM. Fluorescence images were obtained every 20 minutes for a total of 100 minutes using a GFP filter. The resulting TIFF image files were analyzed using ImageJ software and interactive 3D surface plot plugging was used to obtain 3D graphs based on the pixel intensities of images. Each experiment was carried out in triplicate and the whole experiment was duplicated.

Spheroid growth and spheroid area reduction assay {#Sec26}
-------------------------------------------------

Spheroid cultures were prepared as described above except that the growth was initiated with only 2000 cells per spheroid. Prepared plates were incubated at 37 °C for 72 hours in a humidified incubator with 5% CO~2~ for spheroid formation. The spheroids were treated with daunorubicin at the concentrations indicated, with or without compound 29 that had been diluted in 50 μL of complete medium. Half of the medium was replaced after every 48 hours of incubation. The spheroids were imaged every 24 hours using a BioTek Cytation 5 imaging multi-mode reader and the areas of the spheroids were determined using the BioTek Gen5 software. The fold change of tumor spheroid area was determined each day by comparing the area of each spheroid to that of day one. Dead cells in the spheroid culture on day six were visualized and imaged after staining with 10 μL of a 0.01% ethidium bromide (Fisher Scientific, NJ) solution diluted into PBS.

Fluorescence microscopic analysis of cell apoptosis {#Sec27}
---------------------------------------------------

Double staining with acridine orange/ ethidium bromide (AO/EB) is a reliable method to detect apoptosis and was carried out as described in^[@CR37]^ with slight modifications. Briefly, 16000 cells were seeded in 48 well plates in 300 μL of complete media and incubated for 24 hours. After 24 hours, cells were treated with 1 μM paclitaxel and 10 μM P-gp inhibitory compounds in DMSO or DMSO controls for 48 hours. Then dual stain containing solution AO/EB (100 μg/ml each) was added to each well and images were acquired using a BioTek Cytation 5 imaging multi-mode reader with GFP (for green fluorescence from acridine orange), Texas Red fluorescence (for red fluorescence from ethidium bromide) and bright field filters.

Cellular Accumulation Assays for Experimental P-gp Inhibitors {#Sec28}
-------------------------------------------------------------

DU145TXR cells were seeded in 6 well plates with \~350,000 cells per well. After 48 hours, the media was replaced with fresh media and cells were treated with 5 μM of compounds (29, 34, or 45) and daunorubicin with or without 500 nM of tariquidar (MedKoo Biosciences, Chapel Hill, NC, U.S.A.) Experiments were performed in triplicate. After 2.5 hours of incubation with compounds, cells were washed with Hank's Balanced Salt Solution (HBSS, Corning Inc. NY), harvested using trypsin, and counted. Each sample was then washed with 2 mL of ice-cold HBSS and diluted in cold HBSS at a final concentration of 1 million cells/mL. All samples were frozen with liquid nitrogen and stored at −80 °C until analysis. LC-MS/MS analyses were performed essentially as described in^[@CR84]^. 250 µl of treated or untreated cell lysate was aliquoted into Eppendorf tubes. Blank lysates were spiked with varying concentrations of each compound to create a standard curve. Each sample was mixed with 0.5 ml of a solution containing 0.15% formic acid and 120 ng/ml n-benzylbenzamide internal standard in methanol, vortexed 15 sec, incubated 10 min at RT and then centrifuged twice at 16,100 × g. The supernatant was then analyzed by LC-MS/MS using a Sciex 4000QTRAP mass spectrometer coupled to a Shimadzu Prominence LC. Chromatography conditions were as follows. Buffer A consisted of water + 0.1% formic acid and Buffer B consisted of methanol + 0.1% formic acid for compound 29, 34, and 45 and acetonitrile + 0.1% formic acid for daunorubicin. The column flow rate was 1.5 ml/min using an Agilent C18 XDB, 5 micron packing 50 × 4.6 mm column. The gradient conditions for compounds 29, 34, and 45 were 0--1.0 min 3% B, 1.0--2.0 min gradient to 95% B, 2.0--3.5 min 95% B, 3.5--3.6 min gradient to 3% B. 3.6--4.5 min 3% B. Gradient conditions for daunorubicin were 0--2.0 min 5% B, 2.0--3.5 min gradient to 60% B, 3.5--5.0 min 60% B, 5.0--5.1 min gradient to 5% B, 5.1--7.5 min 5% B. Compounds were detected in MRM mode after optimization of machine parameters by detection of the following parent/daughter ions: 459.1/278.1 for 29, 477.1/285.1 for 34, 424.1/149.0 for 45, and 528.1/321.0 for daunorubicin. N-benzyl benzamide (212.1/91.1) was used as the internal standard. A value 3-fold above the signal obtained from blank lysate was designated as the limit of detection (LOD). The limit of quantitation (LOQ) was defined as the lowest concentration of standard at which back calculation yielded a concentration within 20% of theoretical and above the LOD. The LOQ for all analytes was between 0.1--0.5 ng/ml. The protein pellet remaining after addition of organic solvent was resuspended in 25 µl of 0.1 M NaOH, boiled for 5 min, and 5 µl was mixed with 200 µl of 1:50 B:A reagent (Thermofisher BCA Kit) in order to determine the protein concentration. A BSA standard curve was prepared in H~2~O and mixed in the same ratio. The samples were incubated 30 min at 37 °C and read at 562 nM. Compound concentrations in the lysates were then normalized to protein content for each sample.
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